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Abstract – We theoretically propose a graphene-based adiabatic quantum pump with intrinsic spin-orbit cou-
pling (SOC) subject to strain where two time-dependent extrinsic spin-orbit coupled barriers drive spin and
charge currents. We study three differing operation modes where i) location, ii) chemical potential, and iii)
SOC of the two barriers oscillate periodically and out of phase around their equilibrium states. Our results
demonstrate that the amplitude of adiabatically pumped currents highly depends on the considered operation
mode. We find that such a device operates with highest efficiency and in a broader range of parameters where
the barriers’ chemical potential drives the quantum pump. Our results also reveal that by introducing strain to
the system, one can suppress or enhance the charge and spin currents separately, depending on strain direction.
Spintronics is an emerging filed which has aimed at exploit-
ing the spin degree of freedom to construct faster and high
performance low-power nanoscale devices [1]. The discovery
of isolated graphene monolayer [2, 3], a single layer of Car-
bon atoms, with unique electrical, optical and thermal proper-
ties has triggered numerous efforts to achieve graphene-based
nanoscale devices [5–8]. The massless Dirac fermions in bal-
listic graphene can reflect chirality and linear dispersion rela-
tion of graphene around the Dirac points; two inequivalent cor-
ners of the first Brillouin zone [4]. Also, the long spin relax-
ation time of the Dirac fermions in graphene monolayers due
to a small intrinsic spin-orbit coupling (SOC) which originates
from the intra-atomic spin-orbit coupling of the Carbon atoms
has made it an exceptional candidate to the spintronics devices
[7].
Quite recently, it was experimentally demonstrated that a
strong Rashba SOC ∼ 17 meV can be induced into graphene
monolayers by means of proximity to a semiconducting tung-
sten disulphide substrate [8]. This finding is highly appealing in
terms of generation and manipulation of spin currents in more
controllable platforms. The intrinsic SOC that can be caused
by the crystalline potential associated with the band structure
respects all the lattice symmetries in graphene and results in a
small energy gap at the Dirac points. The extrinsic or Rashba
SOC, however, results from the lack of inversion symmetry due
to perpendicular electric fields, substrate effects, chemical dop-
ing, or curvature of graphene corrugations and can be respon-
sible for inducing a spin polarization in graphene. [9, 10] The
influences of intrinsic and Rashba SOCs on the transport prop-
erties of graphene monolayer systems have extensively been
studied in the recent years [5, 6, 11–14]. For instance, it was
shown that spin polarization induced by a charge current can
reside in the graphene plane and perpendicular to the electric
field while its sign changes by varying the Fermi level through
an external gate voltage [11]. Also, it was theoretically found
that the interplay of massive electrons with SOC or strain in a
graphene layer can result in a spin-valley filter [13, 15].
Spin and charge quantum pumpings are striking topics in
the context of quantum transport through nanostructures. The
quantum nature of these effects arises from the geometric
(Berry) phases and quantum interference effects [16]. An adi-
abatically pumped current requires, at least, two parameters of
system vary periodically and out of phase in time [17]. The adi-
abaticity is achieved when the characteristic time of the varia-
tions is much smaller than the dwell time of carriers. In this
base, several proposals for charge pumping through graphene
junctions were introduced during the past years [18–26].
Motivated by the recent researches on time-dependent
graphene systems [18–26] and experimentally achieved
graphene layers with strong extrinsic spin-orbit couplings [8,
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10, 27], in this paper we propose a novel device to generate
controllable charge and spin pumped currents without resort-
ing to any externally imposed field. This device consists of a
graphene monolayer with length 2L and width W under strain
with intrinsic spin-orbit coupling and the pumped currents are
driven by two extrinsic spin-orbit coupled barriers induced by
a substrate [8].
We assume that the chemical potential/ location or SOC of
the barriers can be time-dependent and periodically oscillate
out of phase. Our results reveal that the quantum pump oper-
ates with highest efficiency where the barriers chemical poten-
tial drives the currents. It is shown that, in the latter case, the
currents’ amplitude is more pronounced and the quantum pump
operates in a broader range of the system parameters. We also
uncover how an in-plane strain in the graphene layer alters and
controls the spin and change currents simultaneously. Our re-
sults demonstrate that a weak strain applied to the graphene
plane can enhance the spin current and suppress the charge cur-
rent simultaneously, depending on the direction of strain.
The quasiparticles at low energies in a monolayer of
graphene under tension and in the presence of intrinsic and
extrinsic SOCs (ISO and ESO) are governed by the following
Hamiltonian [9, 12]:
H = H0 +HISO +HESO; (1)
H0 = vxpxs0σx + vypys0σy + µ(x)s0σ0,
HISO = βszσz , HESO = α[syσx − sxσy].
Here, µ(x) is a tuneable chemical potential which can be con-
trolled by an external gate voltage. β and α are the strength of
intrinsic and extrinsic SOCs, respectively. σ0 and s0 denote 2×
2 unitary matrices, σi and si(i = x, y, z) are the Pauli matrices
in the pseudospin and the real spin subspaces, respectively. The
proposed quantum pump is schematically depicted in Fig. 1.
There are two electrode regions where carriers’ density can be
externally controlled. The entire of graphene layer is assumed
intrinsically spin-orbit coupled. We focus on strains applied in
two distinct crystallographic directions: zig-zag (Z) and arm-
chair (A) as shown in Fig. 1. In order to study the influences
of strain on the characteristics of system transport, we adopt
a model introduced in Ref. [28] and expand tight-binding re-
sult for the band structure with arbitrary hopping energies t1,2,3
around the new Dirac point KD = (cos−1(−1/2η)/
√
3ax, 0),
namely, Ek = ±|
∑3
i=1 tie
−i~k·~δi | [29, 30]. As shown in Fig.
1, ~δi are displacement vectors between two nearest neighbor
Carbon atoms. We assume t1 = t2 = ǫ˜ and t3 = ǫ in our
calculations and set η equal to ratio ǫ˜/ǫ. The quasiparticles’
velocities are given by vx = 2ǫ˜ax sin(cos−1(−1/2η))/~ and
vy = 3ǫay/2~ [29, 30]. The hoping energies are given by
ti = ǫ0e
−3.37(|~δi|)/c0−1
, where c0 = 0.142A˚ and ǫ0 are the
distance of two Carbon atoms and hoping energy in the un-
deformed graphene layer, respectively. The displacement vec-
tors under the Z-strain leads to ~δ1 = ax
√
3xˆ − ay yˆ, ~δ2 =
−ax
√
3xˆ − ay yˆ, ~δ3 = 2ayyˆ while for the armchair (A-strain),
~δ1 = ay
√
3xˆ − axyˆ, ~δ2 = −ay
√
3xˆ − axyˆ, ~δ3 = 2axyˆ. Here
ax = (1 + s)c0/2 and ay = c0(1 − ps)/2 with p = 0.165
Fig. 1: Schematic of the strained graphene quantum pump proposed
in this paper. Two time-dependent barriers located at xl and xr pump
spin and charge currents across the system which are modeled by the
Dirac delta function. The system contains 5 regions (γ) from left to
right: (γ) = (1), (5) are electrode regions and (γ) = (2), (3), (4)
regions are the ISO coupled graphene segments separated by the vi-
brating barriers. We assume that the strain imposed can be either in
A- or Z-direction and label them by A-strain/Z-strain.
which is the Poisson’s ratio for graphite and s represents the
strength of applied tension. The maximum tension strength con-
sidered throughout this paper can be less than the gap threshold
value, i.e. s ≤ 0.23 ∼ 20% predicted theoretically (see Ref.
[28, 31]). The experimental evidence for maximum strain ex-
erted on graphene without change in its band structure is less
than ∼ 15% [32]. Nonetheless, we emphasize that a maximum
of ∼ 15% does not affect the main conclusions of this paper.
We have used the generalized Weyl-Hamiltonian which is in
a very good agreements with the ab initio calculations. If we
diagonalize the total Dirac Hamiltonian H given by Eq. (1),
we arrive at the following spinors in each region of the system
represented by γ = 1, 2, 3, 4, 5 (see Fig. 1)
ψ±+(xγ , εn) = (1,±ζγ,±n,+ , 0, 0)ei(±κ
γ
nxγ+qny) (2)
ψ±−(xγ , εn) = (0, 0, 1,±ζγ,±n,−)ei(±κ
γ
nxγ+qny) (3)
κγn =
(ε2Fγ − β2γ − ~2v2yγq2n
~2v2xγ
)1/2
, ζγ,±n,σ =
vxγκ
γ
n ± ivyγqn
σβγ + εFγ
where σ = ±, εFγ is the quasiparticles’ energy measured from
the chemical potential level, and qn stands for the transverse
component of the wave vector which is conserved in different
γ regions. The junction is assumed sufficiently wide, W ≫ L,
which allows for replacing
∑
qn
by
∫
dq in our calculations.
For numerical purposes, we define the total wave vector Kγn,
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i.e. κγn = Kγn cos θn,γ and qn = Kγn sin θn,γ , as follows:
~Kγn =
( ε2Fγ − β2γ
v2xγ cos
2 θn,γ + v2yγ sin
2 θn,γ
)1/2
, (4a)
ζγ,±n,σ =
√
εFγ − σβγ
εFγ + σβγ
vxγ cos θn,γ ± ivyγ sin θn,γ√
v2xγ cos
2 θn,γ + v2yγ sin
2 θn,γ
,
(4b)
θn,γ = arcsin
[ ~2q2nv2xγ
ε2Fγ − β2γ + (v2xγ − v2yγ)q2n
]1/2
. (4c)
To model the vibrating barriers shown in Fig. 1, we assume
that experimentally tuneable parameters at the barriers are i)
the chemical potentials µl,r and ii) the ESOC αl,r in addition
to iii) their locations xl,r. The first mode, i, of the pumping can
be realized by tuning the potential of underlying gats. To ex-
perimentally realize the two other modes one may construct the
barriers through two flexible cantilevers with vertical and hori-
zontal oscillations around their equilibrium locations on top of
the graphene sheet, respectively. The total wave function of
a particle Ψ passing through the barriers experiences the fol-
lowing transformation Tl,r at the left (l) and right (r) barriers
namely, ΨR = Tl,rΨL in which
Tl,r = 2i~v
L
x s0σx + µl,rs0σ0 + αl,r(syσx − sxσy)
2i~vRx s0σx − µl,rs0σ0 − αl,r(syσx − sxσy)
. (5)
The transformations Tl,r are derived by integrating the Dirac
Hamiltonian Eq. (1) over the x-direction in close vicinities of
the barriers and modeling the vibrating barriers through spatial
Dirac deltas. [23,33]. vLx and vRx show the velocity of particles
at the left (L) and right (R) sides of the barriers. The charge and
spin currents pumped by Xl,r: two periodic and out of phase
oscillating parameters at the barriers (and within the bilinear
response regime where δXl,r ≪ Xl,r) can be expressed by [17,
23]:
IXcharge(I
X
spin) =
NmI0
∑
σ=±
∫ +∞
−∞
dq
KF (σ)Im
{∂Rσ
∂Xl
∂R∗σ
∂Xr +
∂Tσ
∂Xl
∂T∗σ
∂Xr
}
,
(6)
in which the pumping parameters oscillate around equilib-
rium values Xl,r(0) and are given by Xl,r(t) = Xl,r(0) +
δXl,r cos(Ωt + ϕl,r). To reside in the adiabatic regime, the
pumping frequency should be of terahertz range, i.e., Ω/2π ∼1
THz [18]. The spin-dependent reflection and transition co-
efficients are denoted by Rσ and Tσ , respectively. Here
I0 = 0.5π
−1ΩeδXlδXr sinϕ in which ϕ = ϕr − ϕl is the
phase difference of two oscillating parameters. In what fol-
lows, we normalize the currents by I0Nm, and thus define
IXc = I
X
charge/I0Nm, I
X
s = I
X
spin/I0Nm where Nm is the num-
ber of available modes at the fermi level.
Figure 2 exhibits the charge and spin currents adiabatically
pumped where the strength of ESOCs at the right and left barri-
ers serve as the pumping parameters with the same equilibrium
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Fig. 2: Adiabatically pumped charge and spin currents: Iαc and Iαs as a
function of chemical potential at the left and right barriers µl = µr =
µ. The time dependent parameters are the strength of ESOCs at the left
and right barriers (αl,r) and their equilibrium strengths are set fixed at
αl = αr = 3.5~vF . Two kinds of strain (A and Z) are considered at
three differing values of strain s: A-strain, s = 0.05, 0.10, 0.15 and
Z-strain, s = 0.01, 0.02, 0.03.
values αl = αr = α and µl = µr = µ. The parameters of the
barriers are set at αl,r = 3.5~vF , xl = 0.0, xr = 0.5L, while
the chemical potential of regions γ = 2, 3, 4 are considered
fixed at µ2,3,4 = 0.5~vF . The intrinsic spin-orbit coupling is
assumed constant throughout the graphene layer β = 0.02~vF
which is equivalent to≈ 0.05meV and the extrinsic SO is about
α ≈ 9.0meV [10,27] . The pumped currents are plotted against
the doping level of the barriers i.e. µr,l normalized by ~vF .
Here 2L is the junction length (see Fig. 1) and vF is the ve-
locity of Dirac fermions at the fermi level in an undeformed
graphene sheet i.e. vx = vy = vF . The left and right panels
show the charge and spin currents (Iαcharge and Iαspin normalized
by NmI0), respectively. The inset panels are close-ups of the
currents where the barriers’ chemical potential is restricted to
0 < µ < 0.01~vF . The solid black lines exhibit the currents
where no strain is exerted to the system (s = 0), in contrast to
the other curves which show the effect of the in plane strain im-
posed to the graphene layer. We have considered both armchair
and zig-zag strains as sketched in Fig. 1. To have similar mag-
nitudes for the pumped currents, we set s = 0.05, 0.10, 0.15 for
the strength of the A-strain while s = 0.01, 0.02, 0.03 for the
Z-strain. The values of s considered here ensure that the strain
is enough weak s < 20%, so that no gap opens in the particles’
energy spectrum [29, 30, 34, 35]. As seen, the pumped charge
current is one order of magnitude greater than the spin current.
Figure 2 illustrates how the charge and spin currents can be
manipulated through applying strain in different directions to
the device. The spin current can change sign while the charge
current direction remains intact upon moving from s = 0.01-
Z to 0.02-Z at µ ∼ 0.05~vF . By increasing the tension the
overall amplitudes of the pumped currents for both A- and Z-
directions enhance. Also, the inset panels reveal that the charge
and spin currents are zero at µ = 0 independent of the strain
direction applied.
Figure 3 shows the adiabatically pumped charge and spin
currents where the location of the barriers vibrate out of phase
in time: Ixc and Ixs , vs the normalized barriers’ chemical po-
tential µl = µr = µ. The parameters are set identical to those
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Fig. 3: Adiabatic spin and charge pumping vs µl = µr = µ where the
location of barriers xl,r vibrate around their equilibrium values. The
equilibrium location of barriers are set at xl = 0, xr = 0.5L and the
strength of ESCOs fixed at αl = αr = 3.5~vF . s = 0.05, 0.10, 0.15
and s = 0.01, 0.02, 0.03 are values considered for the strength of A-
and Z strains applied to the device, respectively.
of Fig. 2. Here, the pumped charge and spin currents have
the same order of magnitudes, but they are at least three orders
of magnitude greater than the pumping through time depen-
dent ESOCs at the barriers (see Figs. 2 and 3). Unlike the
pumped currents generated by oscillating ESOCs where strain
has similar effects on the spin and charge currents, the incre-
ment of strain strength in the A-direction here induces an over-
all enhancement in the pumped charge current while it causes
an overall suppression in the spin current. However, the incre-
ment of strain strength in Z-direction has similar effects on the
pumped spin and charge currents and causes overall enhance-
ment in both the spin and charge currents. Similar to Fig. 2, we
see that the charge and spin currents are zero at µl = µr = 0
which is clearly apparent in the inset panels. We now turn to
the most important operation mode, namely where the pumping
parameters are the chemical potentials at the barriers µl,r, os-
cillating adiabatically around their equilibrium values. Results
are shown in Fig. 4 and all of the parameters are set at identical
values to the two previous cases. We find that the amplitudes
of the pumped currents have the same order of magnitudes as
Fig. 3 where the location of barriers vibrate around their equi-
librium values. As in the previous cases, strain has pronounce
influences on the pumped charge and spin currents. Further in-
vestigations demonstrate that increasing the strain strength in
the A-direction increases the overall amplitude of the pumped
charge current, but decreases the overall amplitude of the spin
current. On the other hand, the increment of the Z-strain has
opposite effects on the spin and charge currents. These unequal
effects of the strain on the pumped charge and spin currents of-
fers an experimentally feasible fashion to manipulate and con-
trol pumping of the charge and spin currents through the de-
vice. The inset panels illustrate the behavior of charge and spin
currents near µl,r ∼ 0. In contrast to the previous cases, we
see that the charge and spin currents are nonzero at µl,r = 0.
The absence of threshold value in chemical potential to gener-
ate the currents and nonzero value of the current pumped in Fig.
4 result from the linear dispersion relation and chiral nature of
Fermions in grphene [18, 23]. In effect, our further investiga-
tions demonstrate that to generate and manipulate the spin cur-
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Fig. 4: Adiabatically pumped charge and spin currents where the
chemical potentials µl,r at the barriers vibrate around their equilib-
rium values: Iµc and Iµs . The locations and ESOCs of the barriers
are assumed fixed at xl = 0, xr = 0.5L, and αl = αr = 3.5~vF ,
respectively. The strength of strain applied to the device is equal to
s = 0.05, 0.10, 0.15 in the A-strain and s = 0.01, 0.02, 0.03 in the
Z-strain classes.
rent, the chemical potential should be ‘nonzero’. This is shown
by the inset panels of Figs. 2 and 3 where no spin current passes
through the system at the zero chemical potential µ = 0. This
issue however disappears where the chemical potentials oscil-
late around an equilibrium value even at µ = 0. Hence, by con-
sidering the amplitudes of adiabatically pumped currents (Iαc,s,
Ixc,s, I
µ
c,s) and the manipulation of spin currents over a wide
range of µl,r, one concludes that oscillating chemical poten-
tials at the barriers would provide more effective mechanism to
generate spin current and control the magnitude of charge and
spin currents through strain.
In conclusion, we have proposed a novel quantum pump con-
sisting of a strained graphene monolayer with intrinsic spin-
orbit coupling and two vibrating extrinsic spin-orbit coupled
barriers. To generate adiabatically pumped currents we con-
sider three different operation modes to the device: i) the
strength of extrinsic spin-orbit couplings, ii) the locations and
ii) the chemical potential of the barriers oscillate out of phase
in time. We have shown that such a device operates with largest
amplitude of pumped currents where the chemical potential of
the barriers oscillates in time and drives the charge and spin cur-
rents into the system. Our results have found that this operation
mode has also broader functionality range in terms of parame-
ters compared with the other modes. Our study revealed that a
strain applied to the plane of graphene layer can play key roles
to control and manipulate the spin and charge currents sepa-
rately, namely one can tune the spin current and suppress the
charge current simultaneously. This interesting phenomenon
originates from the opposite effects of strain on the pumped
spin and charge currents, depending on the direction of strain
imposed to the device.
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